High resolution structures of the active phosphorylated forms of two-component response regulators have recently been reported. The results provide a basis for understanding how metabolic energy is coupled to signal transduction in cellular regulatory networks.
About 130 years ago James Clerk Maxwell imagined a 'finite being' that could reverse an otherwise favorable diffusive process by willfully controlling the passage of different molecules between two compartments [1] . This little gatekeeper came to be known as Maxwell's Demon, undoubtedly because of its devilish designs to violate the Second Law of Thermodynamics. We now know that living systems are full of Maxwell's Demons, working hard to perform seemingly impossible tasks like moving molecules up electrochemical gradients, or magically transmuting one kind of cell or organism into another. But thermodynamics says that no matter how clever the Demon, all attempts to violate the Law will automatically incur a minimum price to be paid in full, immediately and without exception.
The archetypal Maxwellian Demons of biology are the Na + /K + -and Ca 2+ -ATPases that produce electrochemical gradients across animal cell membranes [2] . These pumps are composed of integral membrane proteins that serve as gates, and associated ATPase domains that function as gate keepers. Ion fluxes are coupled to ATP hydrolysis with intermediate phosphorylation of a specific aspartate side chain. The ATPase domains appear to have an α/β fold that is similar to another family of protein domains that are also phosphorylated at aspartate residues, the socalled response regulators that control the output activities of signal transduction networks in microorganisms and plants [3] . Recent modeling studies also indicate similarities in side-chain chemistry around the phosphoaccepting aspartates [4] . Response regulator domains usually function to control gene expression through associated transcription factors [5] . But there are numerous exceptions. A response regulator called CheY binds to motor proteins to generate chemotaxis responses that bias the diffusion-like random walk of motile bacteria [6] ; a response regulator in yeast functions to control the activity of a MAP kinase pathway that regulates growth in response to osmotic stress [7] ; and a response regulator in a slime mold controls the activity of an associated cAMP phosphodiesterase to regulate levels of cAMP and control fruiting body development [8] .
How do these α/β domains convert metabolic energy into regulatory outputs? The process starts with the binding of a signal molecule to an allosteric site controling a sensor kinase, which acts in turn to control the phosphorylation of a specific response regulator aspartate residue. In ionmotive ATPases, the phosphotransfer from ATP to aspartate seems to be direct, whereas in regulators there is an intermediate histidine-aspartate phosphorelay that provides additional points for sensory regulation. Whatever the details, the end point is a regulatory domain that has acquired the energy it needs to do its job of bringing some sensible order to the world. The protein is said to undergo a conformational change that leads to the activation of associated effector functions. In other words, phosphorylation is thought to cause the α/β domain to change its structure, and this structural change is transmitted to an associated gated channel, or transcription factor, or enzyme to cause an appropriate output. Phosphatases act to dephosphorylate the aspartate, so that the response can be turned off. So we have a typical signal transduction pathway in which an input signal impinges on a kinase activity that uses ATP to phosphorylate an aspartate, which acts in turn to effect a response ( Figure 1 ). Through the combined activity of the kinase and phosphatase, ATP is hydrolyzed to ADP and P i to provide the energy required to satisfy the Second Law.
Over the past several years there has been considerable effort to fill in the molecular details of response regulator function. Over 400 different paralogues of the response regulator superfamily have been sequenced [9] , and X-ray crystal structures of several have been solved in their inactive unphosphorylated states [10] [11] [12] [13] [14] [15] [16] . The domain has a highly conserved structure consisting of a five-stranded parallel β sheet surrounded by five α helices (Figure 2 ). The phospho-accepting aspartate, Asp57, is located in the central β3/α3 loop. There are several highly conserved residues surrounding this aspartate, including Asp12 and Asp13 in the β1/α1 loop, Thr87 in the β4/α4 loop, and Lys109 in the β5/α5 loop. It is clear that many of these play important roles in catalyzing aspartate phosphorylation and dephosphorylation. For instance, the aspartates coordinate the binding of divalent metals required for the phosphotransfer chemistry [17] .
Having established the structures of inactive response regulators, the next logical step was to solve the structures of the phosphorylated forms to determine the mechanism of activation. At first this seemed an impossible task, as phospho-aspartates are inherently unstable, and the histidine-aspartate phosphorelay involves additional proteins. Mutagenesis studies of the chemotaxis response regulator, CheY, provided indirect evidence that the α4/β5/α5 surface was crucial for activation [18] , but the X-ray crystal structure of a constitutively active mutant, CheY D13K [19] , did not reveal any significant conformational changes that could be associated with activation.
Since these results were obtained there have been several significant breakthroughs in this field, and within the past few months X-ray crystal structures of two phosphorylated response regulator domains have been solved, Spo0A and FixJ [20, 21] . Although phosphorylation has little effect on the structure of Spo0A, the structure of FixJ is dramatically altered. Nevertheless, in both phosphorylated proteins the hydroxyl side chain of the conserved threonine in loop 4 moves away from its position pointing toward the critical α4/β5/α5 surface to within hydrogen-bonding distance of one of the phosphoryl oxygens, and the hole created by this motion is filled by a conserved aromatic residue moving from an exposed position to a buried position on the α4/β5/α5 surface. From studies of the effects of CheY mutagenesis it had been proposed that the inward movement of the corresponding residue in CheY, Tyr106, freed up space for binding to a target macromolecule [22] .
Although the phosphorylated response regulator structures seem to support the threonine flip-tyrosine tuck hypothesis, there are several caveats. First, it is not clear why phosphorylation should cause the critical threonine movements that are seen in phosphorylated Spo0A and FixJ N . Second, similar threonine and tyrosine movements have been seen in some crystal forms of unphosphorylated CheY [23, 24] . Third, a CheYT87A mutant can still be activated by phosphorylation [25] . Fourth, the structure of phosphorylated FixJ N is significantly different from that of unphosphorylated response regulators, whereas the phosphorylated Spo0A structure seems to be relatively unperturbed [20, 21] . Fifth, why were these activating conformational changes not detected in the structure of the constitutively active response regulator, CheY D13K [19] ? And finally, as outlined below, the whole concept of a phosphorylation-induced conformational change that turns a response regulator ON is basically incorrect, because it violates the Second Law of Thermodynamics.
To understand the flaw in the logic of response-regulator conformational switching, one must think in terms of energy rather than structure (Figure 3) . In response regulators, ATP is used to phosphorylate the carboxyl of an aspartate side chain. The acylphosphate linkage that is formed is a high-energy bond, just like the phosphoanhydride linkage in ATP; in fact the aspartyl-phosphate modification is the highest-energy phosphorylation that can exist in a protein [3] . So where is the energy coming from to throw the putative phospho-activated switch? It cannot come from the subsequent hydrolysis of aspartylphosphate. The Second Law does not decree that the cost of any sensible increase in order today is acceptable so Dispatch R421
Figure 2
Structure of a typical response regulator domain. The domain is a doubly wound α/β protein with a central five-stranded parallel β sheet surrounded by five α helices. Conserved residues are indicated. The structure is the unphosphorylated form of CheY [17] . long as it is paid for tomorrow. If you want to throw a switch you have to pay as you throw it, not later when the phosphatase happens to kick in to complete the ATPase reaction. Which leads to the question as to why these demonic domains use a aspartyl-phosphate rather than a phospho-serine or phospho-threonine. Clearly, phosphoryl transfer from ATP to a serine or threonine residue generates plenty of energy to cause substantial conformational changes in protein structure and activity [26] . The high energy of the phospho-aspartate in response regulators has been verified by direct measurements of its reversibility both in vitro and in vivo [5] . Thus, one can argue on thermodynamic grounds that, although responseregulator phosphorylation may appear to cause some structural perturbations in the isolated phosphoproteins, these conformational changes are unlikely to be directly relevant to activation. This explains the general lack of any conformational changes seen in structures of phosphorylated or mutationally activated response regulators compared to the corresponding unphosphorylated proteins.
The large effect of phosphorylation on FixJ N is the exception that proves the rule. The unphosphorylated FixJ protein is a monomer composed of two distinct modules, an amino-terminal response regulator domain, FixJ N , linked to a carboxy-terminal transcription factor, FixJ C [27] . In its unphosphorylated state, FixJ N inhibits FixJ C [28] . Thus, a fragment of the fixJ gene encoding only FixJ C is able to activate transcription. This type of inhibitory effect is a common feature of response regulators that derives simply from interaction of a surface of the response-regulator domain with a surface of the associated effector domain that needs to bind a target macromolecule to produce a response [10, 13] . The interaction between the regulatory and effector domains is weak, and depends on the domains being tethered together. There is no evidence for one domain binding to the other in the absence of a polypeptide linkage. Phosphorylation relieves this weak inhibitory contact by inducing a much stronger competing interaction. In the case of FixJ, a homodimer forms between the β4/α5 surfaces of two symmetrically opposed phosphorylated FixJ N domains. The intensity of the dimer interaction is evidenced by a secondorder dependence that is observed in the phosphorylation reaction [29] . The association is so tight that the dimer can be purified without any evidence for dissociation, and the phospho-aspartyl group is stable for weeks thereafter; this is what allowed its crystallization [21] . Now consider what these results imply about the energetics (Figure 3 ). The cooperativity observed in the FixJ N phosphorylation reaction, as well as the strength of the dimer interaction, indicate that dimer formation pulls the phosphorylation reaction. It is the formation of the dimer that is the switching event, and it is at this step that the high energy of the phospho-aspartate bond is used to generate a conformational transition. The large negative free energy of dimerization must derive from a decrease in the negative free energy of hydrolysis of the phospho-aspartate group so that phosphorylation and dimerization are tightly coupled. It would not be surprising if, in the presence of high concentrations of P i , the large negative free energy that drives the conformational change associated with phospho-FixJ dimerization could be used to actually generate a phospho-aspartate. Just such a back reaction is, in fact, a well established feature of ion-motive ATPases [2] .
The X-ray crystal structure of the phosphorylated FixJ N dimer tends to corroborate these suppositions [21] . The threonine flip and the tyrosine tuck are a small part of an entire restructuring that radiates from the dimer interface and includes substantial backbone motions in loops 1,3, and 4 as well as in β4, α4, and β5. The FixJ N dimer interface is very unusual. In a recent study, among over 50 different protein-protein interactions that were analyzed [30] , none had so small a change in solvent-accessible surface area as the 880 Å 2 that is seen in the FixJ N dimer [21] . There is nothing in the phosphorylated dimer structure that would account for its incredible stability, except to assume that dimerization generates major stabilizing conformational changes within each monomer that are reflected in the numerous changes seen in the phosphoFixJ dimer. Dimerization is, after all, the transition that constitutes FixJ activation insofar as it both relieves the inhibitory effect of the receiver domain on FixJ C and enhances DNA binding to multiple binding sites in target promoter sequences. Hypothetical free energy (G) profile for elements of an intracellular response regulator signaling system. ATP has a high negative free energy of hydrolysis, as does the phospho-aspartyl group in a typical phosphorylated response regulator domain. The high negative free energy of the phosphorylated response regulator (RR-Asp~P) is used to drive a large activating conformational transition (RR-Asp-P) that occurs when it interacts with its regulatory targets (colored circle). Response regulators generally function as protein-binding modules to modulate the architecture and activity of multimeric protein complexes. They are frequently phosphorylated by a sensor kinase at the membrane and then diffuse to another location within the cell where they bind to target macromolecules. As the interactions of response regulators with their targets are tightly coupled to aspartate phosphorylation, the binding energy that drives the interactions between response regulators and their targets must derive from the high energy of the aspartyl-phosphate group. This implies that the macromolecular target, together with the phosphorylated response regulator, undergoes a change in structure that is driven by a consequent decrease in the large negative free energy of hydrolysis of the aspartylphosphate side chain. There can be no switch without the target, so with the notable exception of regulators such as FixJ that interact with themselves, conformational changes associated with phosphorylation of isolated response regulator domains are likely not to be essential features of the switching mechanism. Phosphorylated response regulator proteins act to carry their high-energy aspartyl-phosphate group to a target macromolecule, and it is only then that the magical event of activation occurs whereby the high-energy acylphosphate bond is used to generate a structural rearrangement that leads to a response (Figure 4 ).
Figure 4
Conformational changes associated with response regulator function. Thermodynamic considerations suggest that for maximal efficiency response regulator phosphorylation should yield minimal conformational changes, so as to preserve the high negative free energy of the aspartyl-phosphate group. This energy can then be used to drive large structural changes that are associated with the activation of regulatory targets. Response regulators frequently act to nucleate the assembly of higher-ordered structures from numerous macromolecular components (indicated by blue and green objects). Thus, for instance, FixJ N phosphorylation initiates the assembly of transcriptional activation complexes involving FixJ C , DNA and RNA polymerase holoenzyme. Asp-P
